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New (lata are presented for the thermal conductivity and electrical resistivity of two samples of 
Armco intn. On a sample of material used in a round rohin comparison hetween several laboratories, 
thermal conductivity was measured from —160 to +640 °C and electrical resistivity was measured 
from — 195 to + 1380 °C. On a sample of cold-worked Armco iron from a different lot, data are reported 
from -150 to +200°C. 
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1. Introduction 

(^oiiimci'cially pine iron, usually produced l)y the 
American Rolling iMill Company and kiiowti as Armco 
iron, has heen used for many years as a thermal 
conductivity reference material, either as a ''heat 
flow meter'' in the case of comparative thermal con- 
ductivity measurements or as a material to be used 
in checkin<»; apparatus in the case of absolute thermal 
conductivity measurements. Fow^ell [!]• has reviewed 
the numerous [)i]blished data available on the thermal 
conductivity oi Armco iron and derived ''most prol)able 
values," which he estimated to be good within ±2 
percent from to 600 °C, and within about ±5 |)ercent 
at 1000 °(]. The range of experimental values in the 
literature, however, is about 7 percent between 
and 600 °C, and increases to almost 30 percent at 
1000 °C. In an attempt to resolve this discordance of 
experimental results, C. F. Lucks of the Battelle 
Memorial Institute, Columbus Laboratories, proposed 
a round-robin of thermal conductivity measurements 
on Armco iron. The Battelle Memorial Institute (BMI) 
subsequently obtained a ([uantity of Armco iron and 
distributed samples to: National Physical Labora- 
tory (NPL), Teddington, England; National Research 
Council (NRC), Ottawa, Canada; and National Bureau 
of Standards (NBS), Washington, D.C, and later to 
a nuinber of other laboratories. Powell et al. [2], have 
reported the NPL measurements over the temperature 
range from —200 to +1000 °C; Laubitz has reported 
[3, 4J the NRC measurements from 30 to 1000 °C. 

The present paper reports thermal conductivity 
and electrical resistivity results obtained at the Na- 
tional Bureau of Standards on the sample of Armco 
iron supplied to NBS by BMI. Thermal conductivity 
measurements were made at NBS over the tempera- 
ture range —160 to +640 °C. Electrical resistivity 
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measurements were made over the tem})erature range 
- 195 to + 1380 °C. 

2. Sample Description 

The sample of Armco iron supplied to NBS by BMI 
was in the form of a round bar, nominally 1 in in diam- 
eter and 39 in in length. The ends of this sample were 
stamped No. 3 and No. 4, the No. 3 end being immedi- 
ately adjacent to the sample sent to NPL, and the 
No. 4 end adjacent to the sample sent to NRC. This 
Armco iron was stated to have been obtained from the 
Steel Sales Company, Chicago, 111. The ladle analysis 
in weight percent, as given by the supplier, is as 
follows: C 0.02, Mn 0.030, P 0.006, S 0.023, Si 0.004, 
Cu 0.083. Fe (by difference) 99.834. Powell [2| reported 
that an NI^L analysis showed no significant variation 
from the analysis given above, other than the t)resence 
of 0.083 percent Ni. A spectrochemical analysis by 
the NBS Spectrochemistry Section yielded the fol- 
lowing impurity content ^ (in weight percent): Mn < 0.1, 
Si < 0.015, Cu 0.06, Ni 0.06, Cr 0.01, Y < 0.01, Mo 
0.01, W < 0.02, Co < 0.01, Ti 0.006, Sr 0.02, Nb < 0.01, 
Zr^< 0.003. 

Battelle Memorial Institute reported that they had 
annealed the sample at 870 °C for V2 hr. The Rockwcdl 
hardness of the sample, as received, was found to 
vary between B30 and B50. A photomicrograph of 
this specimen, as viewed at lOOx, is shown in figine 1. 
The specimen material exhibits large grains with no 
particudar orientation. 

3. Thermal Conductivity Measurements 

The thermal conductivity measurements on the 
BMI Armco iron sample were made in the NBS metals 
apparatus which has been described by Ginnings [5| 
and by Watson and Robinson [6J. In brief, the measure- 
ment was made by determining the electrical power 
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Figure 1. Microstmcture of the BMI Armco iron sample [X 100). 

input to a heater in one end of a specimen 37.0 cm 
long and 2.386 cm in diameter, which was cooled at 
the other end by circulating water or liquid nitrogen. 
Temperatures were measured by means of thermo- 
couples (fabricated from wire which had been cali- 
brated by the NBS Temperature Physics Section) 
3.51 cm apart, along the central portion of the bar, 
thus permitting the calculation of six thermal conduc- 
tivity values, each at a different mean temperature, 
for each thermal equihbrium. A guard cyhnder, con- 
centric with the specimen, was used to minimize heat 
exchanges between the specimen and the surrounding 
insulation, and corrections were made for such heat 
exchanges. 

Table 1. Test conditions for the thermal conductivity measurements 



Series 


Appa- 
ratus 


Heater 
windinji 


Thermocouples 


Insulation'^ 


Atmos- 
phere 


Number 
of data 
points 


1 


A 


Nichrome 


Chromel P: 
alumel 


Diatomaceous 
earth 


Air 


12 


2 


B 


Nichrome 


Platinum- 10% 
rhodium : 
platinum 


Powdered 
alumina 


Nitrogen 


18 


3 


B 


Pt-20% 
Rh 


Platinum- 10% 
rhodium : 
platinum 


Powdered 
alumina 


Vacuum 


18 



" Althoujih diatomaceous earth is a better thermal insulation, it was necessary to use 
powdered alumina in series 2 and 3 in order to avoid contamination of the noble metal 
thermocouples. 

•' Note that none of the values of thermal conductivity and electrical resistivity given in 
this paper are corrected for the effect of thermal expansion of the specimen. 
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Figure 2. The lower figure shows the data points obtained at NBS 
for the thermal conductivity of BMI Armco iron. 

The three different symbols correspond to the different test conditions presented in table 
1. The upper figure shows the percentage departures of the smoothed values of Powell 
ct al. [2|. and of Laubitz [4) from the smooth curve in the lower figure. 



Data were taken on the same sample in two different, 
but similar, apparatus with varying experimental con- 
ditions as indicated in table 1. The smoothed NBS 
results,'^ which have not been corrected for thermal 
expansion, at 50 °C intervals are presented in table 2 
(along with values for the electrical resistivity and the 
Lorenz function which will be discussed below). The 
curve in the lower drawing of figure 2 represents the 
thermal conductivity values given in table 2; the three 
different symbols represent data points correspond- 
ing to the three series of tests described in table 1. 
For the material which we tested, in the state in which 
we tested it, the thermal conductivity values in table 2 
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Table 2. Smoothed values for (he thrnnol coru/iictirity. electricol 
resistivity, and Lorenz Junction oj H^JI Irrnco iron 



Tempera- 


Thermal 


Electrical 


Lorenz 


ture 


eonductivity 


resistivity 


function 


°C 


H jcni dcii 


jjiil an 


\-lder 


— 200 




" 1.5 
2.8 




- 160 


0.887 


2.16 ■ 10 ^ 


-150 


.87;i 


3.1 


2.20 


- 100 


.815 


5.2 


2.14 


-fiO 


. i / •) 


7.4 


2.58 





.7lL' 


9.9 


2.68 


50 


.712 


12.6 


2.77 


100 


.682 


15.6 


2.86 


150 


.652 


19.0 


2.92 


200 


.620 


22.9 


3.00 


250 


.587 


27.2 


3.05 


300 


.554 


31.9 


3.08 


350 


.523 


37.0 


3.10 


400 


.495 


42.6 


3.13 


450 


.469 


48.7 


3.16 


500 


.413 


55.3 


3.17 


550 


.417 


62.4 


3.16 


600 


.39! 


70.0 


3.14 


640 


.371 


76.6 


3.11 


650 




78.3 

87.4 

91.3 

95.5 

97.9 

100.2 

102.8 

104.4 

106.5 

109.8 

111.5 

111.8 

112.2 

112.5 

113.6 

115.2 




700 






720 






740 






750 






760 







770 






780 






800 






850 






880 






000 






010 






920 






950 






1000 






1050 




116.8 
118.2 
119.5 
120.8 
121.9 
1 23 




1100 






1150 






1200 






1250 






1 300 






1 350 




123.9 
124.4 




1380 













' Extraj)()latc(l value. 



are estimated to be in error by not more than two per- 
cent. 

In the upper drawing of figure 2, Powell's values 
[2] and Laubitz' adjusted values [4J for the thermal con- 
ductivity of BMI Armco iron are shown as percentage 
departures from the thermal conductivity values given 
in table 2. 

4. Electrical Resistivity Measurements 

The electrical resistivity specimens were placed 
in series with a calibrated standard resistor and a 
regulated d-c power supply. The resistance of each 
specimen was determined by comparing the voltage 
drop across potential taps in the specimen with that 
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Kl(;i HK 3. The upper sketch io) shons the ''squirrel-cage'' specimen 
( onji^iinttion used for the clectricul resistivity measurements on 
BMI Armco iron. 

The Inwcr sketch (h) indicates the |.;itli u\ . iirTcnt (low. 



across the standard resistor. In order to minimize 
thermoelectric effects, voltage drops in the speci- 
mens were measured with the current flowing normally 
and reversed. All voltage measurements were made 
using a precision d-c potentiometer. 

The elec^trical resistivity at the ice point, °C, was 
determined by measuring the resistance between two 
knife edges 9.997 cm apart spanning the central por- 
tion of a 0.5003 cm diam bar machined from the ther- 
mal conductivity specimen described above. 

The temperature-dependence of electrical resistivity 
was determined by measuring the electrical resistance 
of two different "squirrel-cage" specimens (see fig. 3) 
as functions of temperature. Three thermocouph's 
peened into these specimens served to measure the 
temperature of the specimen during testing and also 
served as potential taps to measure the voltage drops 
in the specimen. Comparison of the ice-point resistance 
of these two specimens with the ice-point resistivity 
value separately determined on the 0.5003 cm diam 
bar enabled calcidation of resistivity values as func- 
tions of temperatin-c. 

The first squirrel-cage specimen of BMI Armco 
iron was fabricated from the end of the NBS thermal 
ccmductivity specimen which had not been heated 
during testing. Data were taken in air in an isothermal 
cryostat from — 195 to + 75 °C with Chromel P versus 
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constantan thermocouples in the specimen and from 
to 1380 °(1 in helium in an isothermal furnace with 
platinum - 10 percent rhodium versus platinum and 
als(> platimnn - ."^O percent rhodium versus platinum 
— 6 jxM'cent jjiodium thermocouples in the specimen. 
Data were first taken on heating to 850 °C. On cooliii'Z 
hack down, the electrical resistance of the specimen 
at room temperature was found to he lower by about 
0.1 /uH cm, or 1 percent. On second heating, data 
were taken from room temj)erature to 1380 °C. Since 
Powell [2 1 had reported a change in the resistivity at 
910 °C, corresponding to the alpha-gamma transfor- 
mation in iron, data were taken at about 2-deg inter- 
vals from 900 to 920 °C, looking for the effect of the 
alpha-gamma transformation. No effect was found — 
the precision of the data was such that a change of 
0.1 percent could easily have been detected. Study of 
a large scale plot of the data indicated that the elec- 
trical resistivity of the iron had undergone a drop, 
estimated by extrapolation as about one-half percent, 
somewhere between 875 and 900 °C.^ Data taken on 
cooling from 1380 °C indicated a jump in electrical 
resistivity of perhaps two-tenths of 1 percent between 
895 and 890 °C. After cooHng from 1380 °C, the elec- 
trical resistance of the specimen at the ice-i)oint was 
about three percent lower than the original resistance 
before the specimen had been heated. 

The second squirrel-cage specimen was fabricated 
from an unused portion of the stock supplied to NBS 
by BMI, annealed in helium at 850 °C for about V2 
hr to reheve possible strain introduced during fabri- 
cation, and then cooled to room temperature. Data 
were taken from - 195 -to +50 °C in air with copper 
versus constantan thermocouples in the specimen and 
from to 850 °C in helium with platinum - 10 percent 
rhodium versus platinum thermocouples in the speci- 
men. These data were taken in the following order: 
on heating at 50 deg intervals to 700 °C, on heating 
at approximately 1 deg intervals from 745 to 770 °C, 
on cooling at approximately 0.5 deg intervals from 763 
to 749 °C, on heating at 800 and 850 °C, on cooHng at 
100 deg intervals from 800 to °C. A slight hysteresis 
(<0.2%) was found between 754 and 761 °C, pre- 
sumably corresponding to the Curie transformation. 
The ice-point resistance of the sample was found to 
be 0.7 percent less than it had been at the beginning 
of testing. 

The electrical resistivity values given in table 2 
were obtained by combining and smoothing the data 
obtained on first heating of the specimens. No correc- 
tions were made for thermal expansion. For the mate- 
rial which we tested, in the state in which we tested 
it, the resistivity values tabulated are estimated to 
be in error by not more than 2 percent, or 0.1 fiCl cm, 
whichever is greater. Most of this estimated uncer- 
tainty arises from the vagaries of this material, rather 
than from experimental error. All electrical resistance 



TEMPERATURE, °C 

200 400 600 800 1000 1200 1400 




-200 



200 400 600 800 1000 

TEMPERATURE, °C 



^Sinte our tncasureiiu'nts were made. Fulkerson. Moore, and McElroy [7| reported that 
their electrical resistivity measurements on BMI Armco iron indicated that tlie alpha- 
jiainnia transformation was between 893 and 898 °C. 



Figure 4. The loiver figure represents the data obtained at NBS 
for the electrical resistivity of BMI Armco iron on first heating of 
a specimen which previously had been annealed at 850 °C for 

V2 hr. 

The upper fi<iure shows the percentajie departures of the smoothed values of Powell 
ft al. |2|. Lauhitz |3|. and Fulkenson et al. f7|. from the curve in the lower figure. 



measurements are beheved to have been accurate to 
±0.1 percent or better. The mean temperature of the 
sample is believed to have been known within ±3 
deg below 1100 °C and within ±5 deg at 1380 °C. The 
uncertainty in resistivity directly attributable to the 
uncertainty in mean temperature would be about 0.8 
percent just below the Curie point and would be less 
at all other temperatures. 

The curve in the lower drawing of figure 4 represents 
the electrical resistivity values given in table 2. The 
location of the Curie temperature is indicated by the 
arrow labeled Tc; the break in the curve corresponding 
to the alpha-gamma transformation is indicated by 
the arrow labeled a — y. In the upper drawing of figure 
4, the values of Powell [2|, Laubitz [3J, and Fulkerson, 
Moore, and McElroy [7j for the electrical resistivity 
of BMI Armco iron are shown as percentage depar- 
tures from our values as given in table 2. 
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5. Lorenz Function 

The values obtained loi- I he l.oren/ rimclioii. kp/T 
(where X is thermal ((mchictivit) . p is electiical I'e- 
sistivity, and T is absohite temperature), are jiiven in 
table 2. The eurve in the Iowcm' drawinji (A fijj;ure 5 
represents these vahies. In the upper (hawin^i; of fijiure 
5, Powell's vahies |2| and l>auhil/* vahies, which we 
have computed from his (dectiical resistivity values 
as reported in |.'^| and his revised thermal conductivity 
values as reported in [4|, for the Lorenz function of 
BMI Arnico iron are shown as percentage departures 
from the values given in table 2. 

6. Comments 

C. F. Lucks of the Battelle Memorial Institute is 
preparing a paper in which he will discuss in detail 
the results of the round-robin thermal conductivity 
measurements on BMI Armco iron. In addition to the 
results reported in this pa|)er, and those of Powell f2| 
and of Laubitz [3, 4| which have been published pre- 
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viously. Lucks will discuss other unpublished results 
from other laboratories. In view of this, the authors 
le(d there is no need to discuss the above data beyond 
what has been (l(Uie. 

i^owell 1 1 I has summarized thermal conductivity 
measurements on Armco iron made through the year 
1960. Powell, Ho. and Liley [8| presented a compen- 
dium of essentially all of the known thermal conduc- 
tivity data on Armco iron and also on pure iron through 
the year 1965. After the present paper was written, 
Shanks, Klein, and Danielson [11| liave |)ublished 
values for the thermal diffusivity, specific heat, and 
electrical resistivity of BMI Armco iron. 

In the appendix, some previously unpublished data 
on another sample of Armco iron, not from the BMI lot, 
are presented. 

7. Appendix 

Measurements over the temperature range from 
— 160 to + 200 °C were made of the thermal conduc- 
tivity and electrical resistivity of a sample of Armco 
iron submitted by U.S. Army Missile Support Com- 
mand, U.S. Army Missile Command, Redstone 
Arsenal, Alabama. A spectrochemical analysis by 
the NBS Spectrochemistry Section yielded the fol- 
lowing impurity content (in weight percent): Mn<0.1, 
Si < 0.015, Cu 0.03, Ni 0.04, Cr 0.01, V<0.01, Mo 
0.01, W < 0.02, Co < 0.01, Ti 0.006, Sr 0.02, Nb < 0.01, 
Zr < 0.003. The Rockwell B hardness of this sample, 
as received, was found to be 72. A |)hotograph of this 
specimen, as viewed at lOOX, is shown in hgure 6. 



.^t' 



■^'•' f ^ . 1'. •f'r^' 



' .-J 



^ i 



6t'^- 



, \- 



% ■ ' 



. ■♦ 



„* , . 






/ 



iV. 



t* 






Fl(;URE 6. Microstructure of the cold-worked Redstone Arsenal 
sample of Armco iron {X 100). 
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This material exhibits an oriented microstructure 
typical of a cold-worked material, with the long direc- 
tions of the grains parallel to the long axis of the 
specimen. 

The thermal conductivity measurements were made 
using the equipment designated as Apparatus A in 
table 1. 

For this specimen, electrical resistivity measure- 
ments were made in the thermal conductivity appara- 
tus at the temperature conditions existing at the end 
of each pair of runs for determining the thermal 
conductivity, by passing a direct current along the 
bar. Observations were made of the potentials between 
the Chromel P and/or Alumel leads of the span 
thermocouples, with the current direction forward 
and reversed. Due to a sHght warming of the bar 
during the period of current flow, the average re- 
sistivity for a span was assigned to correspond to the 
time-average of the span mean temperature over this 
period. A separate measurement on the same specimen 
was carried out in an ice bath using the thermocouple 
leads as potential taps. 

Table 3. Thermal conductivity, electrical resistivity, and Lorenz 
function of the Redstone Arsenal sample of Armco iron 



Temperature 


Thermal 


Electrical 


Lorenz 




conductivity 


resistivity 


function 


°(: 


Wjcm de^ 


/u-il cm 


V'lde^-' 


-150 


0.903 


2.9 


2.11 X 10-« 


- 100 


.844 


4.7 


2.30 


-50 


.7% 


6.9 


2.45 





.754 


9.4 


2.59 


50 


.720 


12.2 


2.71 


100 


.687 


15.3 


2.82 


150 
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18.8 


2.90 
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22.5 


2.95 
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FuiURE 7. Percentage departures of the values obtained for the 
thermal conductivity, electrical resistivity, and Lorenz function 
of the Redstone Arsenal sample of Armco iron from the correspond- 
ing values obtained for the BMI sample. 



The values obtained for the thermal conductivity, 
electrical resistivity, and Lorenz function of the Red- 
stone Arsenal sample of Armco iron are given in table 3 
for the temperature range —160 to +200 °C. These 
values are shown in figure 7 as percent departures 
from the values given in table 2 for the BMI iron. 

In general, cold-working raises the electrical resis- 
tivity and lowers the thermal conductivity of a given 
material, the effect on thermal conductivity increasing 
at lower temperatures (see, for example, the work of 
White [9] on gold, silver, and copper). Thus, on the 
basis of the cold-worked state versus the annealed 
state only, assuming identical chemical composition, 
the thermal conductivity of the Redstone Arsenal 
specimen would be expected to be lower than that of 
the BMI specimen rather than higher, as was found. 
The electrical resistivity of the Redstone Arsenal 
specimen was significantly lower than that of the BMI 
specimen (which had an ice-point resistivity of 9.88 
jLiO cm as compared to 9.36 /xd cm for the Redstone 
Arsenal specimen), implying greater purity of the 
Redstone Arsenal specimen, and confirming the find- 
ing of a higher thermal conductivity for it than for the 
BMI specimen. 

Godfrey et al. [lOJ, report (pp. 26-29) that a quanti- 
tative chemical analysis showed the presence of 0.086 



percent O2, 0.023 percent S, and 0.013 percent C (all 
weight percentages) in an Armco iron sample which 
they investigated. They report the presence, in this 
sample, of about 0.9 volume percent of a second phase, 
presumed to consist of oxides, sulfides, and phos- 
phides. On a sample of BMI Armco iron, they found 
1.3 volume percent of a second phase. The amount of 
nonmetallic impurities in a sample of Armco iron and, 
as pointed out by Godfrey et al. (p. 40), also the physical 
state of the impurities, may be of quite significant 
importance as regards the thermal and electrical con- 
ductivities. Impurities in solution would be expected 
to have a much greater effect on thermal and electrical 
conductivity than would impurities present as a dis- 
persed second phase. 

A significant difference in purity between the Red- 
stone Arsenal specimen and the BMI specimen could 
only be explicitly determined by a more complete 
chemical analysis of both specimens, including quan- 
titative analysis for nonmetallic impurities. A detailed 
microstructural analysis would also be required to 
determine the physical state of the impurities present. 
It is interesting whether the orientation of the micro- 
structure in the cold-worked specimen would result 
in anisotropy in the electrical and thermal conduc- 
tivities of the metal in its present state. 
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